In this paper, we address the question of how a central intermediate-mass black hole (IMBH) in a globular cluster (GC) affects dynamics, core collapse, and formation of the binary population. It is shown that the central IMBH forms a binary system that affects dynamics of stars in the cluster significantly. The presence of an intermediate-mass black hole with mass ≥ 1.0−1.7% of the total stellar mass in the cluster inhibits the formation of binary stars population.
Introduction
The problem of existence of intermediate-mass black holes (IMBHs) with masses 10 2 − 10 5 M ⊙ in globular clusters (GCs) has existed for several decades. Most likely, the first time the idea of IMBH in the center of GC was proposed in Wyller (1970) to explain observed mass excess in the central region of globular cluster M15 (NGC 7078). Up to now, there is no direct evidence of IMBH in GCs, though there are debated observational effects that may be explained with the aid of central IMBH: features of photometry and kinematics, X-ray and radio emission, and timing of millisecond pulsars. More details may be found in the recent review (Baumgardt 2017) . Sometime later, it was shown in Kulkarni et al. (1993) ; Sigurdsson and Hernquist (1993) that interactions in globular clusters result in the sinking BHs to the center of the cluster, formation of BH-BH binaries, and finally ejection most of them on time scales shorter than core collapse time. This result was partially reconsidered in the recent work (Morscher et al. 2015) , where it was demonstrated that such a behavior is related to the most massive stellar remnant BHs, and lower-mass ones are mixed with ordi-nary stars (similar result was noted previously in ). As to subsequent evolution, in Miller and Hamilton (2002) it was predicted that four-body effects result in merging of BH binaries on time scales much shorter than it may be expected from the classical theory of three-body interaction. In Ref. Portegies Zwart and McMillan (2002) it was confirmed by theoretical and numerical N-body computations that repeated collisions during an early phase of core collapse may result in IMBH, but its mass is ≤ 0.1% of the total cluster mass. The process of growth of BH mass to form IMBH with higher masses is still debated, but it may happen in the dense stellar clusters (Portegies Zwart et al. 2004; Giersz et al. 2015) .
In this paper, we address the question of how central IMBH in a globular cluster affects internal dynamics of the cluster and formation of the binary population in models without primordial binaries. Results for models that start with primordial binaries, will be published elsewhere. We do not deal with the question of IMBH formation, and start our analysis from timepoint when it is formed in the center of the cluster.
Setup
By the time of IMBH formation, stellar mass function in the cluster should not contain massive stars. For example, the lifetime of 5 M ⊙ stars is about 100 Myr, and Hubble time scale corresponds to the lifetime of 0.8 M ⊙ stars. Masses of stellar remnants are much less of original masses and may be considered as a kind of low-massive stars in direct N-body models. Taking this into account, we have chosen two initial mass functions (IMF) with a Salpeter slope of 2.35 (Salpeter 1955 ) and the following mass limits: 0.08 M ⊙ < M < 0.8 M ⊙ and 0.08
With making use of the famous NBODY6 code (Aarseth 1999) , we follow the dynamical evolution of stellar clusters with N = 10 4 particles and different mass of the central black hole.
Initial conditions for the model without IMBH are set according to the Plummer's profile (Plummer 1911) 
where M GC is cluster mass and a is related to half-mass radius r h as r h = a/ √ 2 2/3 − 1 ≈ 1.3a. Trenti et al. (2007) have shown there is no significant difference of choosing Plummer or King model after few relaxation times, and Plummer potential has some advantages for further analytical description (see Section 3.4).
To generate initial conditions for the cluster, the McLuster code (Küpper et al. 2011 ) was used. Currently, McLuster does not support a self-consistent generation of initial condition for models with central black hole (e.g. using Matsubayashi-Makino-Ebisuzaki distribution (Matsubayashi et al. 2007) ), so a quite simple modification is used to increase the central velocity dispersion in the presence of a central black hole. To take this effect into account, velocities υ i were scaled proportionally to change of local escape velocity υesc at the point r i :
where ϕ(r) and ϕ ′ (r) are original and modified (with the addition of point mass term −GM BH /r) gravitational potentials. For Plummer's distribution (1), it results in
The number of particles is chosen to be N = 10 4 . It is quite small number in order to quantitatively reproduce real globular cluster but sufficient to see main qualitative effects of stellar dynamics and expand them to larger N. All considered models correspond to fixed radius r h = 1 pc and differ by the mass of central black hole M BH . Most of predicted BH masses for galactic globular clusters have M BH /M GC = 0 − 2% (e.g. see Baumgardt (2017) ), and our grid of models include the following set of BH mass fraction M BH /M GC : 0, 0.25%, 0.5%, 0.75%, 1%, 1.25%, 1.5%, 1.75%, 2%, 4%, and 8%. Stellar evolution is not taken into account to study effects of stellar dynamics only.
The external tidal field is not taken into account as well, because of a high rate of "native" evaporation of stars from the cluster in the case of N = 10 4 particles is sufficient to "simulate" tidal evaporation rate for larger N. Half-mass relaxation time for such set of models may be estimated from Spitzer (1987) 
where ln Λ = ln γN is Coulomb logarithm with γ = 0.11 (see Giersz and Heggie (1994) ). After substitution, it gives τ rh = 70 Myr. Dissolution time of the model GC may be estimated as 100τ rh = 7 Gyr, and integration interval is chosen to be 2 Gyr.
Results

Core collapse
The first well-known (e.g. see ) significant feature in GC's dynamics can be seen in the time evolution of the Lagrangian radii on Figure 1 . The figure covers several relaxation times with clear core collapse in the model without central IMBH. In the presence of 40 M ⊙ (∼ 2% of GC mass) black hole the core collapse disappears. The question is how this effect depends on the mass of the black hole, and we will answer it in next sections.
Binaries
As the core collapse is strongly connected to the generation of binaries, on the next step we analyze how the number of binaries depends on the mass of a central BH.
Two stars are considered to make a binary star (BS) if 1) among the neighbors they are the closest stars to each other, 2) their binding energy is negative
and 3) the distance between them is less than close encounter radius determined by requiring that the mean gravitational energy exceeds the mean kinetic energy per degree of freedom, Gm 2 /r > mσ 2 /2, that results in Aarseth where m = M GC /N is the mean stellar mass and σ 2 = GM GC /(2r vir ) is the velocity dispersion in equilibrium. The results for a model with M BH =40 M ⊙ are shown in Figure 2 . The presence of a BH in the cluster prevents formation of BSs, except only one binary consisting the BH itself and an orbiting star. From time to time, transient binaries might appear with a very short lifetime.
Without BH the number of BS starts growing at the time 300 Myr when core collapse ends.
The fact, that in the case of a central IMBH there is one binary only at every time instance, does not mean it is the same binary all the time. Actually, there are many exchange processes, especially on time scale of first few relaxation times, and this question was studied in details in the paper (MacLeod et al. 2016 ).
Velocity vs. distance
Assuming that BSs are born in the center of a GC, we model the velocity-distance distribution for single stars in the models shown on Figure 2 for the time interval from 900 Myr to 1 Gyr. The results are given on Figure 3 .
It is readily seen that there is no difference in distributions at r > 0.3 pc, though differences are significant in the inner 0.1 pc regions: the lack of stars in the inner 0.1 pc for a model with BH, and a higher dispersion in the presence of BH: σ = 3.10 km/s compare to σ = 1.57 km/s without it.
The results may be understood within statistical properties of a three-body interaction as suggested in Aarseth and Heggie (1976) : the asymptotic of the probability for a BS to form in three-body interaction is
where X = r ⟨︀ υ 2 ⟩︀ /2Gm, r is the radius of interaction sphere, ⟨︀ υ 2 ⟩︀ is the mean square velocity, and m is the mass (all three point masses are equal).
Another expression, based on numerical analysis, was found in Anosova and Kirsanov (1991) in the form P = 0.90 − 0.27 log 3 (2X).
Both predict that decreasing density (increasing r) and increasing velocity dispersion ⟨︀ υ 2 ⟩︀ lead to a low probability for a BS to form. Moreover, it was found in the work (Anosova and Kirsanov 1991) that for the case of three bodies with different masses, the binary usually contains the most massive and the least massive stars (BH and a star in our case). After formation, this binary system is hardening and confines the excess of negative energy from evaporation of stars from the cluster (as usual binaries do it in the case of the cluster without BH).
Effect of the black hole mass fraction
On Figure 4 , we have presented the dependence of the binary fraction f b on the mass fraction M BH /M GC for two sets of models with different initial mass functions, Mmax = 0.8 M ⊙ and Mmax = 8 M ⊙ . Core collapse time in our models vary from 150 to 300 Myr (the larger BH mass, the shorter core collapse time), and the binary fraction is taken after the core collapse at t = 1 Gyr. We have found a sharp transition from the state with core collapse and formation of binaries for M BH /M GC < 1 − 1.5% to the state without collapse. The fact that the transition is not so sharp in the case of heavier mass function, may come from the small difference between "critical" black hole mass M BH ≈ 20 M ⊙ and top stellar mass limit Mmax = 8 M ⊙ .
The energy ∆E lost by a cluster during the relaxation time τ R due to evaporation of stars from the Maxwellian distribution tail can be estimated as 
Therefore, taking the relaxation time τ R equal to Spitzer (1987) 
the cluster energy change rate can be estimated as
where G is the gravitational constant, n the mean number density, ρ = mn the density, ln Λ = ln(γN) the Coulomb logarithm.
Change of a hard binary system energy for the case m 1 ≫ m 2 is Hills (1983) 
where m 1 and m 2 are the binary component masses. In our case m 1 = M BH and m 2 ∼ m. From energy balance (energy lost by the cluster is assumed to be compensated by energy released by the binary)
(ρc and σc are averaged inside of BH influence sphere, while ρ and σ correspond to the half-mass radius), one can derive
By definition, the BH influence sphere contains stellar mass equal to BH mass, and for the Plummer model, it is r i = a(M BH /M GC ) 1/3 . In our setup, ρc does not depend on the BH mass, ρc = ρ(0), and from (4) it may be shown that σc ≈ σ(0):
and even for M BH /M GC = 0.02, above ratio is equal to 1.055. Taking the formed Bahcall-Wolf cusp (Bahcall and Wolf 1976) around BH into account, it may be that ρc ≈ ρ(0) and σc ≈ σ(0) for M BH /M GC ≪ 1 in this case as well. The Coulomb logarithm ln Λ is estimated as ln(0.11N), and an increase of ρ/σ in the cluster center can be estimated by assuming the Plummer's distribution (2), so that the ratio of central density to half-mass radius density is
and ratio of velocity dispersions is
From above estimations, one can finally obtain 
is in good agreement with numerical results (see Figure 4) . If the black hole mass exceeds this critical value (∼ 1% of the cluster mass), its released energy replenishes evaporated energy, and the core collapse is halted. A smaller mass black hole binary is not able to prevent core collapse, and it results in the production of new binaries. Note that this result weakly depends on the cluster mass (number of stars).
This result coincides with f b = 0.01 fraction of binaries that is able to halt the core collapse (Heggie and Aarseth 1992) in models without the central black hole. It is expected result, because of energy per unit mass released by a BH binary has the same order as released by a binary with similar companion masses (Hills 1983) .
For realistic GCs with N = 10 6 particles, the expression (22) results in M BH /M GC = 1.7%. Note that there may be some sources of uncertainties, for example, higher stars evaporation rate because of tidal forces, a changed value of ρ/σ because of dynamical effects, etc.
Summary
Our main outcomes are:
1. Central IMBH in globular clusters captures a nearby star and forms a binary system. This binary is able to significantly affect stellar dynamics in the cluster. 2. The presence of an IMBH with mass ≥ [1.37 + 0.34 lg(N/10 5 )]% of the total stellar mass prevents the formation of binary stars population.
